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By Robert G. Dorsch and Joseph Levine

SUMMARY

A photographic technique for investigating water droplets of diame-
ter less than 200 microns falling freely in air at temperatures between
O° and -50° C has been devised and used to determine:

(1) 'The shape of frozen droplets

(2) The occurrence of collisions of partly frozen or of frozen and
liquid droplets

(3) The statistics on the freezing temperatures of individual
free-falling droplets

A considerable number of droplets were found to have a nonspherical
shape after freezing because of various protuberances and frost growth,
and droplet sggregates formed by collision. The observed frequency of
collision of partly frozen droplets showed good order of magnitude agree-
nent with the frequency computed from theoretical collection effi-
ciencies. The freezing tempersture statistics indicated a general
similarity of the datas to those obtained for droplets frozen on a metal-

lic surface in previous experiments.

INTRODUCTION

The presence of supercooled droplets in clouds 1s the primary factor
responsible for the aircraft icing hazard; conseguently, a complete
Imowledge of the physical conditions under which supercooled clouds may
exlst, and the factors that cause a supercooled cloud to transform to an
ice-crystal cloud 1s necessary. A lnmowledge of the factors causing the
transformation of a subercooled cloud to an ice-crystal cloud is of
iniportance becsuse ice-crystal clouds, 1n gereral, do not present an
aircraft icing hazard. In addition, the occurrence of precipitation
from a cloud 1n the form or ralin or snow is usually preceded by the
2rystallization of a portion of the cloud.
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The complexity of the problem hsas necessitated to date, primarily
8 leboratory spproach from which useful physical data have been obtained
in the past several years. The behavior of supercooled water in bulk
and in the form of droplets supported on thermocouples or metallic sur-
faces has been extensively investigated (references 1 to 4). In addi- o
tion, laboratory investigations of supercooled droplets supported by air
have been made, but these have been largely confined to determining the o
conditions under which liquid-droplet clouds transform to ice-crystal '
clouds (references 5 to 7). Studies of the transformation of individual -
free-falling liquid droplets to ice have not beeh made in any great B
detail for droplets in the size range (less than 200 p in diam.) found oo«
in icing clouds. ' R

Water droplets falling freely in alr at temperatures between 0° and o
~50° C were investigated photographically at the NACA Lewis laboratory
to determine: . R

(1) The shape of frozen droplets : : : -

(2) The occurrence of collisions of partly frozen or of frozen and C
liguid droplets . o

(3) The statistics on the’ freezing temperatures of 1ndividual . ST
free-falling droplets :

APPARATUS L

A schematic drawing of the apparatus for observing the presence of e gk
frozen droplets among free-falling droplets is shown in figure 1. The
entire apparstus, with the exceptlion of the temperature recording device,
was housed 1in a large cold chamber (inside dimensions epproximetely L
10 £t long, 7 ft wide, and 10 Pt high). A photograph of the apparatus o
in place in the large cold chamber is shown in figure 2. The apparatus ot
consisted of a heated spray chamber from which droplets settled into = o
cooled 4~ by 4-inch vertical duet. The cooled droplets were photographed
with a camera and spark source as they passed windows at the bottom of ol

the duct after = 4l-foot fall. Provision was mede for pumping air out S

through one end of the spray chamber, sd that an upward flow of cold air
from the cold chamber could be 1mposed in the verticsl duct. '

The spray chamber was kept at temperatures above freezing by a S T
copper steam pipe soldered to the walls of the chamber. Similarly, in ’
order to prevent the water plpes from freezing, the steam pipes were e
conducted.to and from the spray cheamber in contact with the water lines. s e
The heated portions of the spparatus were insulated with felt to minimize o
heat losses. Both the spray chamber and.vertical duct vere made from _ _ *
Inconel metal to avold corrosion. o o
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Thermocouples were installed in the spray nozzles for measuring the .
water temperature. The air tempersture in the cold vertical duet was
measured at three vertical positions (top, center, and camera level) by
punping air from the duct past thermocouples housed in 3/4-inch diameter
tubes attached to s wall of the duct. Glass-wool filters prevented
stray droplets from striking the thermocouples. The mass~flow rate of
the air pumped from the duct was obtained from the area of the
thermocouple-housing tube and the local statiec pressure in the housing
tube measured by a micromanometer. Low mass-flow rates were used in
order not to disturb sppreciably the air in the duct. The temperatures
were recorded on a strip-chart self-bslancing potentiometer placed out-
side the large cold chember.

The lens of the camera used to photograph the cooled droplets was
similar to those used in motlion-plcture cameras and had a focal ratio of
f/2 8 and a focal length of 2 inches. The depth of field was approxi-
mately O.4 millimeter and the volume of field was 0.036 cubic centi-
meter. The image distance was dpproximstely 44 inches and the magnifi-
cation was 22X. The depth of field and the magnification were measured
by taking photogrephs of a group of fine quartz fibers placed succes-
sively &t greater distances from the face of the camera lens. The
accuracy of the diameter measurements varies from *5 percent at
100 microns to 10 percent at 10 microns. Bright field illuminstion
was Turnished by a spark source located on the opposite side of the
vertical duct from the camera. The spark source and its power supply
are described in references 8 and 8. The spark duration was approxi-
mately 2 microseconds, which was a sufficiently short exposure time to
yield sharp droplet imsges.

Droplet photographs were taken with fast orthochromatic 8- by 10-
inch film. Long development time (10 min) was found to be necessary in
order to give sufficient contrast. The images of the droplets appeared
on the negatives as white areas on a dark baeckground. Many of the drop- -
let images had dark spots in the center, which were images of the spark
source formed by the droplets. A positive photograph of the droplets at
room temperature taken with this gpperatus is shown 1in figure 3.

An upward flow of cold air from the chember could be imposed in the
vertical duct in order to slow the rate of fall of the droplets and
thereby to obtain & longer cooling time before the droplets were photo-
graphed. The gir outlet from the spray chamber narrowed from a 4- by
4-inch cross-sectional area Iin the duct To 1- by l-inch. Thus the air-
flow velocity was increased in the constricted portion of the outlet to
a value which could be measured by total and static tubes connected to a
micromanometer.

The foregoing arrangement permitted the regquired control and rough
measurement of low vertical-air velocities. Inasmuch as the pressure
differential for the velocities used was only of the order of 0.02 inch
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of water in the 1- by l-inch section, a precise measurement of velo-
cities was difficult by this method. A more accurste determination of
the duet velocity was obtained from the terminal velocity calculated
for the smalliest droplet appearing in the. duct as determined from the
droplet photographs. L . . Ll

PROCEDURE

Droplet temperature. -~ A direct measurement of droplet tempersture
was not possible with.the apparatus Just described, but a computation
of how close a droplet of a given Bize will approach the cold air tem~
perature of the duct in dropping from the warm spray chamber to the
camera window level in the vertical duet (127 cm) was poseible. The
method used for meking these computations 1s described in appendix A.
The computed resulis are summarized in figure 4, which indicates that
droplets 200 microns or less in diameter have a temperature negligibly
different from alr temperature at camera level in the duct. The duct
air temperatures measured by the thermocouples at the midpoint and at
camera level weré usually the same (within 1° C). The temperature .
messured by the upper thermocouple was somewhat higher (2° to 3° Q)
because of the proximity of the heated spray chamher.

Detection of frozen droplets. - In addition to determining the tem-

perature cf the droplets 1t was desirable to find a means of differen-
tlating & frozen droplet from a supercooled liquid droplet. A previous
investigation showed that a droplet suspended from a thermocouple end
cbserved in bright field illumination generally forms a crude image of
the light source, which appears in the positive photographs as a bright
spot at the center of the dark circular droplet image. The freezing

of a supercooled droplet thus suspended was detected by the disasppear-
ance or marked decrease in intensity of the bright spot at the center
of the droplet imasge in an investigetion in 1948 by Jobn C. Johnson sat. ..
Massachusetts Institute of Technology. Investigations at the NACA
Lewis laboratory substantiate this method for use with droplets sus-
rended from a thermocouple. Because similar bright spots occur in the
images of free falling droplets photographed with the camersa, an attempt
was made to use the foregoing criterion for determining when free
falling droplets were. frozen. . . . . R

An examination of the droplet images on the photograephic negatives
disclosed that a considersble portion of the images had a noucircular
outline. For reasons; discussed in the Results and Discussion section,
these noncircular images were consldered to be indicative of frozen
droplets. However, considerable pumbers of these noncirculsr images
had bright spots at the center. This obvious cantradiction coupled with
the apparent relisbility of the noncircular image criterion eliminated

2351
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frozen-droplet detection by the bright spot method. Although noncircu-
lar droplet imsges are definite indicators of frozen droplets, an
unknown portion of circular droplets may also be frozen. Circular
images may be produced by nonspherical (and thus frozen) droplets
hecause of thelr particular orilentetion to the camers. Inasmuch as
neither the portion of the circular droplet inmages that are due to
unfrozen spherical droplets nor the portion due to droplets that are
frozen and remained spherical is known, any absolute estimate of the
ratio of frozen to unfrozen droplets in a perticular sample is impossi-
ble. An appraisal of the ratio of noncircular droplets to the sum of
the circular plus noncircular droplets was therefore made as the best
means aveilable to detect droplet freezing trends.

Range of conditions. - Droplet photogrsphs were taken at various
temperatures ranging from 0° to -51° C. A group of droplet photographs
were also taken at room tempersture (approximstely 20° C) for compari-
son with those taken at temperatures below O0° C. For droplets between
48 and 200 microns in diameter, the temperature range below 0° C was
completely covered by photographs teken with en updraft velocity in the
duct of approximately 7 centimeters per second (terminal velocity for s
45-micron droplet). Because of current interest in the rate of forma-
tion of ice crystals in the temperature region of -40° C, the tempera-
ture range from -36C0 to -48.5° C was alsoc covered by droplet photographs
vaken with no updraft in the duct. For this range, inasmuch as no
updraft was used, it was posslble to extend the lower limit of the drop-
let diasmeter range from 46 to S microns.

RESULTS AND DISCUSSION

Shape of frozen droplets. - Observeations et room temperature indi-
cated unfrozen droplet images were always circular in outline (fig. 3).
In photographs of droplets below -20° C, a considersble number of non-
circular. droplet images was noted (fig. 5). In general, two broad
types of noncirculsr droplet image were observed: type I, imsges of
aggregates of droplets that epparently froze together (for example,
droplets 5, 6, and 7 of fig. 6 and 5 of fig. 7); type II, images of
irregulasrly shaped droplets with various types of protuberance (for
example, droplets 1, 2, 3, 17, 18, 21, and 24 of fig. 6). Many images
were found that were combinations of the two types' (such as droplet
33, fig. 6).

The droplet imegés hayve been classifiled with respect to size and
type of image and the resultis are itabulated in tebles I and II. The
images that were considered as combinations of the two types were
included in the type I group. The sorting of droplet images into
type I and type II categories was complicated by the poor definition of
the smaller protuberances in the photographs making the boundary line
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between the two types rather indistinect. The nonclrcular droplet |
images were therefore examined with a low powered microscope and only
those irregularities which had a definitely circular outline were con-
sidered as caused by colliision. The remaining protuberances were
included in the type II group. s SRR

Computations of probabilities of collisions between droplets of
different silzes and hence different terminal velocities have been made
(sppendix B). These computations ylelded results consistent with the
hypothesis that type I images are the result of collisions between =
partly frozen droplets. The type II imasges were probably caused by
droplets that were distorted because of internal forces created during

freezing and by frost growth on the frozen surface of the droplets.

Noncircular images of both types occurred more freguently in the
absence of vertical air velocity in the duct than with vertical air
velocity. This difference is shown in a comparison of tables I and II.
The vertical air veloeity in the duct prevented the smaller droplets
from entering the vertical duct, therefore the freguency of collision
was reduced (appendix B). Thus, noncircular type I images are obviously
greater in number with no vertical air velocity present; however, the
presence of a greater number of type II imsges under the same conditions
is not as readily explained. A reasonsble explanation may be obtained .
by considering the factors that may cause protuberances to form.

Pointed protuberances, or spicules, have been obgerved on the frozen
surface of small semples of water cooled in glass bulbs (reference 1),
on droplets that were frozern while suspended from a thermocouple in the
investigation by Johnson, and on the surface of sleet pellets (refer-
ence 10). It is suggested in reference 1 that the spicules were formed
because of internsl pressure created by the freezing of the surface
layer first and subsequent rupture of the surface ice at a weak spot
followed by supercvoled water issulng through the bresk and forming a
tube that freezes. Similarly, when a small supercdaled droplet freezes,
particulearly if the freezing sterts as a shell over the surface, pres-
sures and strains undoubtedly arise within the body of the droplet and
may cause pointed protuberances or other irregularities to form at weak
spots on the frozen droplet surface. The fact that images of the light
source (bright spots) were found associated with many imesges of frozen
droplete in the date of this report indicates that freezing may have
been taking place-primarily in the surface shell leaving liquid in the
center for. a period of time. Drcplets frozen on thermocouples or on
metallic surfaces usually have s milky appearance due to the network of
many dendritic crystals formed within. This type of ice would cause
considerable scattering of transmitted light and the refracted’ light
would probably be of .insufficient intensity to cause a bright spot at
the center of the droplet. image. If, however, only a thin ice shell
formed first, leaving considerable clear liquid in the interior, a
droplet would stil1l transmit considerable refracted light at this stage.
An alternstive explanaticn is that the droplets freeze with a clear, or
glassy, lce structure throughout.
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In addition, in the course of work at the Lewis leboraitory with
daroplets supported on a metalllc surface much colder than the environ-
ment, supercooled droplets observed 1n profile have frozen from the
metal supporting surface up. As the I1ine of demarcation between ice
and liquld reached the top of the droplet a pointed protuberance was
ovserved to form there. This point acted as & root for a fragile tree-
like frost structure, which grew upward into the water-satursted air
apove. Thus, the conception that pointed protuberances may form when
free falling droplets freeze is quite plausible. Some dropliets show
definite evidence of the existence of such protuberances (figs. 6 and
7). Droplet imsges with irregular outlines due to protuberances and
dendritic frost growth (type II images) were more pronounced and more
numerous (compare tables I and II) when no updraft was present in the
duct. This would indicate that a considerable portion of the irregu-
larities in the shape of the droplets was due to crystalline growth
due to reverse sublimation after freezing. If the surface irregular-
ities resulted entirely from the freezing process, then duct velocity
should have had no effect. The marked influence of thé air velocity
in the duct on the formations was gpparently a reflection of the varia-
tion of vapor-pressure conditions with duct velocity.

There are two ways in which duct velocity may have affected vapor-
pressure conditions within the duct. First, the air drawn up into the
duct was relatively drier than the air present because 1t had passed
over the cooling coils of the chamber, which were several degrees
colder than the duet temperature. Second, inasmuch as the local veapor-
pressure gradient at any point in the duct is a function of the number
of droplets per unit volume and the temperature of the droplets (which
is in turn a function of the size and position of the droplets in the
duct), the fact that the smaller droplets were removed from the duct
with the presence of an updraft also affected the vspor-pressure
conditions.

On the basis of the considerstions in the preceding discussion,
the average vepor pressure was estimated to be roughly equel to the
velue corresponding to saturstion with respect to ice at the duet tem-
perature when an updraft was present. When no uwdraft was present in
the duct, the average humidity appeared to be closer to the condition of
saturation with respect to water. Thus, when no updraft was present,
there was gpparently an ample supply of water vapor availsble for the
growth of dendritic frost structures on the surface of frozen droplets,
particularly at protuberances.

Droplet collisions. - As previously mentioned, type I images were
due to agsgregates of frozen droplets which apperently cohered after
¢0lliding. Collisions between two or more droplets in the following
states are possible: (1) liquid (but not supercooled) droplets in the
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upper portion of the duct, (2) supercocled liquid droplets, (3) com-
pletely frozen droplets, (4) partly frozen droplets or frozen droplets
with a wet surface, ‘and (5) a frozen or partly frozen droplet with a

supercooled droplet. _ ) - .. _ AP —

Inasmuch as the individual droplets in the aggregates usually
roughly retained a spherical shape and the drdpléets cohered after colll-
sion, states (4) and (5) appear ta he the most probable states before
collision which would account for images of type I. It is unlikely
that completely frozen droplets (state (3)) would stick together and
liguid (not supercooled) droplets (state (1)) would probebly merge into
a slngle larger droplet before reaching canera level. " The effect that
a collision between supercooled droplets would have on crystallization
is uncertain. Supercvooled droplets have been obee¥ved to merge on a
metallic surface without freezing during the process (reference 3).
However, what effect the initlal lmpact in the present case would have
on freezing is not known with certainty so the possibility remains that
the supercooled droplets may freeze upcon impsct and thus largely retain
their individual shapes Therefore, state (2) may also exist before
Colllsion. " " e N . PRI G e - n n = NI o

Because of the possibllity that collisions pley an important part
in the growth of rain. droplets from cloud droplets through the accre-
tion of smaller droplets (reference 11) and in the crystallization of
supercooled clouds, it 18 desirable to compare the observed fregquency
of collision obtained from the photographic data (tables I and II)
with the computed frequency obtained by the use of theoreticel collec-
tion efficlencies from reference 11. The average number of collisions

by a droplet of diameter . § falling 100 centimeters among smaller . —

falling droplets of dlameter c¢ was computed. The method of computa-

tion 1s presented in appendix B. Because of the small amount of colli-

sion data available, 1t was necessary to group the photographic data.

The grouped computed sums of the average number of droplets in a gilven

gize range collected. by droplets of size S were compared, therefore, )
with the similarly grouped data (convérted to a 100 cm fall and _ o
weighted according to the number of photographs taken et each tempera-
ture) obtained from -the photogrephs. The computations for droplets of
size S falling among smaller Falling droplets in the size ranges from
11.5 to 23.0 microns and 23.0 to 57.6 mlcrons are campared with the
experimentally observed values in figure 8. The calculdted ahd observed
average numper of droplets collected by a larger falling droplet are in
good genersal agreement as to order of magnitude when it is considered
that the following uncertainties were present: (1) Only a small amount
of collision dsta was obtgined, (2) coalescence and bounte off or both
may have been taking place in an unknown fraction of the collisions,

(3) the droplet density in the duct was determined at camera level and
may not have been representative of conditioms in the entire length of
the duct, (4) an unknown porition of the aggregates of droplets msy have
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been so oriented with respect to the camera thet they formed circular
images and thus were not included in the collision statlstics, and (5)
a portion of the noncircular images classified as type II may have
been due to collisions and thus were not included.

Freezing temperature statlistics. - Whereas the photographic method
used in this investigation permitted & gross statistical evaluation of
the relation between droplet size and freezing temperature, a detailed
study of the dependence of freezing temperature on droplet size by this
method was impractical for two reasons: (1) The relatively small vol-
ume of field of view of the camera provided only a small number of drop-
lets in sharp focus per 8- by 1l0O-inch.negative. (2) Inasmuch as each
droplet was not observed throughout its entire cooling period, small
changes in gppearance could not be detected and therefore only those
droplets with a definite nonspherical shape could be considered as
frozen. BSince these were often only a small fraction of the total num-
ber of droplets present, it wes likely that & sizeable portion of the
droplets with a spherical shape may have been frozen. In spite of
these limitations several general conclusions can be drawn from the
date presented in tables I and IT: (1) At temperatures between 0° and
~-20° C, no noncircular droplet images were observed, indicating that
Tor droplets smaller than 200 microns in diameter the frequency of
occurrence of freezing is very small in this temperature region.
(Frequencies too small to be detected in this investigation may, how-
ever, be significant in the atmosphere because of the very large number
of droplets present in & cloud.) (2) The ratio of the number of non-
circular droplet images to the sum of the number of circular plus non-
circular droplet images was larger at all temperatures for the large
droplet-size group (150 p) than for the smell droplet-size group (32 p)
indicating that the droplet freezing tempersture tends to increase with
increasing droplet size. (3) The spproximate temperature at which
irregular droplet imsges appeared agrees reasonably well with the
average temperature of the frequency distribution curves for droplets of
corresponding size in reference 3. Thus, the results given in refer-
ence 3, for droplets supported on a platinum surface, are at least
gpproximately the same as for free-falling droplets in air.

In addition, photographs teken with no vertical air velocity in
the duct at temperatures between -36° and -48.5° C (teble II) indicated
that a very large number of particles (droplets or crystals) below
20 microns in dismeter were present in the duct at temperstures between
-360 and -48.5° C. The incredse in number of particles was particularly
marked between -=39° and -48° C. This number was far in excess of the
numoer of droplets below 20 microns photographed st room tempersture in
still alr with the same-spray nozzles producing droplets. This
phenomenon is spparent from the comparison between the observed droplet-
size spectrum at room temperature and the particle-slze spectrum observed
in the temperature range -36° to -48.5° C presented in figure 2. The
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large incresse in number of particles can be ascribed to one of the
following causes: (1) the growth of small frozen droplets originally
too small to te detected; (2) the growth of crystals formed from den-
dritic splinters, (3) the freezing and subseguent growth of droplets
formed on condensation nuclei, and (4) the growth of crystale formed
on sublimation nuclei. The temperature range in which these particles
appear in large numbers brackets the temperatures (-39° to -41° C)
given in references 5 to 7 for the transformation in the lsboratory of
supercooled clouds of small droplets to ice-crystal clouds. The
absence of this effect in the data taken with an updraft of 7 centi-
meters per second is readily explained by the fact that all particles
smaller than 46 microms in diameter were excluded from the duct by
uwpward entrainment in the rising alr stream.

CONCLUDING. REMARKS

The sppearance of protuberances and dendritic frost structures on

frozen droplets leads to g hypothesis concerning the transformation of v;

supercooled clouds to “ice crystals and a mechanism for the production
of precipitation. The pointed protuberances which formed at the top of
droplets supported by a metallic surface and froze in a water saturated
environment were observed in a previocus experiment to be the locations
of dendritile crystal growth. The tree-like ice structures observed to
grow from such points spparently are so fragile that air currents may
break them off in fragments, which can become nuclei for additional
individual crystelline particles. The pointed protuberances and other
irregularities observed on free-falling droplets may also be the loca-
tion of fragile dendritic frost structures, which in turn may be a
source of small. ice-crystal nuclei in the form of splinters or fragments
that break off.. Some evidence of dendritic growth on frozen droplets
is apparent in the photographs of free-falling droplets.

As an example, consider  the case of warm droplets at the base of a
cumulus cloud which are being carrled upward by convection currents.
As the gir rises and cools, the droplets are eventually supercooled.
If the droplets are carried high enough, the droplet temperatures are
lowered sufficiently for some of the larger droplets to become frozen.
These droplets may then be the source of numerous smell lce-crystal
splinters. These lce Bplinters can then grow rapldly by reverse subli-
mation and in turn break up into additional ice splinters, which cause
further crystallization of the cloud and eventual precipltation.

The results obtailned with the apparatus described in this report
can only be considered as preliminary because of the serious difficulty
of separating the effects-caused by collisions from those inherent in

2351
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the freezing process itself. However, the results obtalned do yield
significant, if not conclusive, information concerning the shape of drop-
lets frozen in air, which in turn throws some light on the nature of
trgnsitions from the liquid to the ice phase in clouds. In addition,

the results obtained inspire more confidence in the extrapolaetion of
freezing statlistics obtained for droplets supported on a pletinum sur-
face to droplets suspended or falling freely in sir in a nstural cloud.

Lewis Flight Propulsion Lsboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio
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APPENDIX A
DETERMINATION OF DROPLET TEMPERATURE

A droplet falling through the cold vertical duct is cooled by con-
vective heat transfer, radiation, and evegporation. The temperature of
the droplet upon reaching the bottom of the duct depends on the rate of
heat transfer from the droplet to the surroundings and on the time for
the droplet to fall the length of the duct. Because the droplets orig-
inate from a spray and therefore have some umknown initial velocity as
they enter the duct, the final temperatures of "droplets falling through
the duct at terminal velocity are camputed to show thet the final tem-
perature is negliglbly different from envirommental temperature. If
the droplets actually spend more than the computed time in the duct
(based on the terminal velocity of the drop), the computed values
would indicate a greater temperature difference then the actusl exis-
ting difference. In computing the temperature difference between the
droplet and its enviromment at camera level, the duct-air temperature
will be gssumed to be uniform and equel to the aversge temperature of
the two lower thermocouples, which usually differed by less than 1° C.
Inasmuch as both radiative heat losses (which are small at tempera-
tures below 0° C) and evaporative heat losses tend to accelerate the
rate of cooling (perticularly in the upper portion of the duct) over
that which would occur because of convective heat transfer alone,
these losses will be neglected for simplicity of calculation because
only the order of magnitude of the temperature difference between drop-
let temperature and air temperature at camers level is desired. If the
final droplet temperstures computed using only the convective heat-
transfer losses are negligibly different from the environment the
actual temperatures should certainly he negligibly different.

The differential equation of convective heat transfer from a drop-
let to its environment is cbtained by equating the heat transfer through
the droplet surface to the chenge in heat content of the droplet.
Because the water droplets are less than 200 microns in diameter, the
temperature can be assumed to be the same throughout the drqplet volume
at any instant of time, therefore - T

4782h6 at = - %ﬂaﬁscp ae (A1)

a 1is droplet radius,
droplet surface, € 1s the temperature difference between the droplet
and surrounding air; t is the time, ¢ 1s the heat capacity of
water, and. p 1is the density of water. The vdlues of p, ¢, and h
are sssumed constant for the tempersture range consldered. The solu-
tion of. equation (Al) is

where

h is coefficilent of heat transfer at the

2351,
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g = eoe-Sht/cpa (a2)

which yields the temperature difference as a function of time. The
initial temperature differeice is 60

The parameter h 1is obtained from the Nusselt number for spheres.
Considersble experimental work has been done on the determination of
Nusselt number as a function of Reynolds number and has been summarized
by G. C. Williams at M.I.T. and is partly summarized in reference 12,
According to Williams, the Nusselt number increases with Reynolds
number for values of Reynolds number sgbove Z20. For Reynolds numbers
below 20, the Nusselt number spproaches 2. An equation for Nusselt
number which fits quite well the experimental values summerized by

Williesms is

¥ = 2 + 0.219 ReC:64 (A3)
2ah ., 2aVp,
where N = = is the Nusselt number and Re = is the Reynolds

number. Also, k is the thermsl conductivity of air, p is the
dynamic viscosity of alr, V is the air veloecity (with respect to the
sphere), and p, 1s the air density. In the computation of N and h
the following values of k, u, and p, at -20° C as obtained from
reference 13 were substituted in equation (A3):

5.45x10"°(cal) (ca 1) (sec™1) (°c1)

k =
k= 1.615X10"4(g) (en~1) (sec-1)
o, = 1.3769X1073(g) (cm™2)

The velocity V 1is assumed to be the terminal velocity of a
droplet. The terminal velcocity as a function of droplet size at an
air temperature of -20C C and an air pressure of 75 centimeters of
mercury has been computed from the modified Stokes' law equation

‘ 2
v=228C08 . (a4)
9 uK
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C-Re - : S .
where X = gi represente the effect of variation in drag force on
the droplet with variation in velocity and Cp 1s the drag coefficient

for a sphere. When 2a 1s less than 50 microns, K is practically 1
and equation (A4) becomes essentially Stokes' law. The value of K 1is
tabulated as a function of Reynolds number in reference 11l. The ter-
mingl velocity as a function of droplet diameter has been computed by
successive approximation from this table and equation (A4).

The Reynolds number, Nusselt number, and h “lave been successively
computed from the terminal velocity. Also, the time for droplets of &
given size to travel the length (127 cm) of the vertical duct at ter-
minal veloclty has been computed. Then the ratilo 6/60 has been com-

puted for two duct-air velocity conditions and is given in figure 4. _ = __

2331
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APPENDIX B
DROPIET COLLISION CALCULATIONS

Among the photographs teken at air temperatures below -20° C there
are & small number of images that gppear to be the result of collisions
between partly frozen droplets. These, however, constitute a consid-
erable percentage of the noncircular droplet imsges. A statistical tab-
uwlation of the number of droplet images classified into several cate-
gorles including collisions is glven in tables I and II. Computations
have been made of the probabilitlies of collision in order to determine
the plausibility of the statistical results.

The average number of droplets NS e of & given size ¢ colliding
2
with a droplet of diameter S dis given by
Ng,e = Bg,c (Lg-L.) Agn. (B1)
where
ES o collection efficiency for droplet of diameter 8 falling in sir
y

containing smaller droplets of diameter c
LS Iength of fzll of droplet of diameter S
Lc length of fall of droplet of diameter ¢ 1n time required for

droplets of size S to fall a distance Lg
Ag cross~sectionasl area of droplet of diameter S
n number of droplets per cublc centimeter of diameter ¢ present

in path of falling droplet of diameter S

The collection efficiency Es,c is obtained from reference 11.

The length of fall for droplets of diameter S was arbltrarily
chosen as 100 centimeters and the corresponding length of fall I, for

droplets of dlameter ¢ was computed from

VC
L, = 100 g (B2)
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where

v terminal veloclty of .droplet of diameter c .

C

Vg terminal velocity of droplet of diameter S

Terminal velocities can be used in the calculstions because the time
required to reach terminal velocity for droplets smaller than
200 microns is a smsll fraction of a second.

The number of droplets per cubic centimeter p, of size c was

obtgined from the photographs by dividing the nmumber of droplet lmages
in a given size range of mean diameter .¢. by the total volume of field
photographed. : R

Because of the small amount of collision data available it was
necessary to group the data. Therefore, the grouped computed sums of
the average number of droplets in a glven size range collected by
droplets of size S were compared with the similarly grouped data
(converted to.a 100 cm fall and weighted accarding to the number of
negatives at each temperature) from the photographs. A comparison
between computed and observed freqpency of collision is presented in
figure 8. .
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TABLE I - SUMMAFY OF DATA TAKEN WITH UPDRAFT VELOCITY .OF 7 CENTIMETERS FER SECOND IN DUCT

Average |

Average Aver-— Number of droplet images Number of droplets in Ratlio of Aver-
fproup age N - each slze range attached | ncneir- age ratlo o:
tewpera- | image [Totai | Circu-| Noncir- }Colli- | 1o ¢olliding dropa cular to | image |nonoir-
ture diam- iar cuiar gions ; sum of diam- | cular to
(ec) eter (type (tyge <57 $57-1i5} >115 cireular | eter sur of
of ha ] 1) . {u) plus non-| of eircuiar
size . clircular entire | plus non-
range X images® roup circular
I (u? . (1) images in
1 entlire
[ N group®
{ nigrer 51.8 Q o o o] o] - - [¢] 82 Q
tian 63.4 4 4 ] 0 0 ] - a
1 =20 T4 .3 17 7 ~0 (o] o] [} - ]
u6.4 13 i3 Q o] [} (4] - ]
36.3 3 9 ‘0 o] o [+ - o]
103.86" 10 10 0 [} 0 4] - o]
, 126.8 9 S o] o] Q (o) ] o} 150 (o}
138.5 17 i7 o) o] [P [v] 0 . o]
161.% 3 3, o o] 0] o] [+] [
1684.3 3 3 o] 8] a Q (] o] ]
-27(*4°Y | s1.9 8 .8 o] 0 [ o] - (] 82 0.127
63.4 1? 14 1 2 21 .0 .~ 067 |
74.3 i9 16 2 1. 1 o] - - 2113
6.4 18 115 o] 3 a2 1 -
96.z 17 12 4 1 1 o] - .250
108.6 16 ig 5 1 0, H - .333
128.8 17 14 1 2 i 1 o] 0.067 150 0.222
138.3 17 10 . 4 3 ] 1 0 .236
161.3 10 S 2. 3 [s] 3 o] .285
L 184.3 S 3 1 1. o 1 [+] 250
taan{32%) 51.9 ‘5 5 [o] ) o) - - [+] az2 0.180
! 83.4 15 12 2 1 1 0 - .143
74 .2 14 11 2 1 1 o] - .154
86.4 21 1 4 1 "1 o] - .200
38.1 28 13 a 1 o] 1 - .296
109.6 17 10 4 3 .0 2 - .286
126.8 16 11 2 3 1 1 4] 0.158% 150 0.523
138.3 24 18 6 o] . Q (VI8 N - - .250
161.3 il ? 2 2 o, 1 ‘a S ST -
184.3 3 1 2 0 al|l.a o - .B36
~4n(r40) 51.9 20 18 2 G o - L 0.100 ue 0.116
63.4 37 34 3 4] -0 [ B T .081
4.9 32 23 7 2 1 -z A .233
i 86.4 32 27 - 3 2 z 0 - .100
98.1 20° 18 [+] 1 o] 1 - [}
109.8 i2 3 2 1 0 1 - ©.ie2 )
126.38 18 10 5 2 . o] 1 Q 0.333 1 150 0.338
138.3 20 15 b 2 - [} 1 1 167
16:.3 21 11 6 4 1 2 0 553
' 1E84.3 & 2 2 i 2 2 Q 1 «S00
— o N D [V S AR T IORRI DU PR RUPRU I —l
“lmkges oi collialins droolets {type 1) were not used in determination of thls rativo vecaune ul fmpossl-

ciaiLed o aeieeninlne whetner a collectine droplet or a coilected dropilet wes [rouzen flrst.

"~ .NACA
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TABLE II - STMMARY OF DATA TAKEN WITH NO UPDRAFT IN DUCT

Averers Aver- Number of droplet images Number of droplets ’n Ratio of Aver- Average
each size range attached {noncir- age retio of
Total y Circu- | Nonedr—| Colli-| £ c0111d1ng drops cular to | imaze |noneir-
lar cular sions |— = - sum of dlem- | cular to
- (type | (type | <23 |25-57 | 57-115] >115 |osmcutar | cton | eom op
II) I) - (w) plus non-| = elrcular
clreular entire | plus non-
- imagesd LIOUL eircular
() images In
. entire
group?
-33(r1%) | 5.6 o] o} o] - - - - - | - 23 0.140
i 17.3 15 13 2 o} .0 - - - 0.133
28.2 2 2 (o] o o} Q - -
' [ 40.4 7 S 2 (o] o] (o] - - .286
| ' 8l.9 i3 13 2 3 1 2 - - 0.133 82 0.443
63.4 | 22 [ 5 11 2 11 - - -454
74,9 1 18 3 7 S 1 ‘5 1 - .538
| i 36.4 15 7 4 4 1 3 1 - .363
! 6 3 3 il 0 ) a - 500
; 7 1 2 4 2 5 1 - .667
: 6 3 3 4] 0 3 [+ o . 0.500 150 0.575
5 S Q 4 1 [o} o} (o] 1 1.00Q
i 161.3 S o 4 1 0 1 o} [+] 1.000
184.3 1 o] 1 o [} Q [o} o] 1.000
.-33(x:°)., 5.8 11 [ 5 Q - - - - 0.454 23 0.330
' “Te3 120 75 42 3 3 - - - «359 -
! 2:.8 | 57 37 17 3 2 1 - - .315
3.4 1 B4 17 i3 r 2 3 - - 433 |
31.3 | 20 5 11 4 3 3 - - 0.687 a2 0.928
33.4 17 o} 9 8 11 5 o] - 1.000
i i T4.§ 17 [o] a ] 12 5 [s] - .883
&6.4 14 o] 9 S 7 S 1 - 1.000
35.1 13t o] 9 < 5 2 [+] - .000,
1 109.6 3 [s] 3 ‘0 o] 0 [s] - 1.000
' 126.5 2 [+) 2 [+} 0 0 o] [} 1.000 | i50 1.000
12,3 a8 o] 7 1 1 1 (o] [] 1.000
, 181.3 5 o 5 o Q o] 0 [o] 1.000
! I84.3 1 1 o] 1 [o] [} [o] [] 0 1.000
' odi(Ei9) 5.8 50 48 2 - - - - - C.040 23 0.214
: 17.3 514 372 142 [o] [+] - - - .276
! 25.8 58 3C 22 6 6 o] - - -423
: 40.4 23 15 2 6 3] )] - - L1168
: 51.5 14 6 5 3 4 o - - 0.455 82 ! 0.568
33.4t 13 1 3 g f 13 1 o) - . 750
74.3 1 11 [o] [} 35 : 12 3 [ fo] - 1.C05
6.4 3 [o] 1 2 - 7 1 @ - 1.230
36.1 3 13 o 11, 2 S g | 2 - 1.¢27
109.€ E 5 o 3 Q o] a 0 - 1.G0n
i25.8 '. 38 [o] 8 Q o] a Q o} 1.002 150 1.03C :
' 139.3 t o] o [o] o} [o} (o] [»] 0 | ==---- ;
H 181.3 | 3 [o] 3 o [o] a o] o 1.032 H
: 118431 0 a ¢ o |l o ! o 0 | == |

ot eollliding droriets (t,,pe T) were nst used in determiratlion o7 t.Is retic beecaiss of imzossi-
i determininz wretrer a collectiny droplet or & collected drorles was froren PIirst.
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Figure 1. - 8chematic drawing of spparatus.
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Figure 3. - Droplet imsges at room tsmperature,
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Approximetely 18X.
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Flgure 4. - Retlo of final temperature difference between droplet temperature
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lets felling 127 centimeters at terminal velocity for various droplet
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Figure
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5, - Droplet images obtained at temperature of -3%9°
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Flgure 6. ~ DIroplets frozen while falling freely In etill alr at temperaturss betwsen -358° G and -48° C. Approximately 70X,
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Figure 7. - Droplets frozen wkile falling freely in column of alr with updraft of 7 centi-

10

meters per second and al¥ temperature range of -85 to -51°.C. Approximately 70X.
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Flgure 6, - Droplets frozez while falling freely in stlll alr at temperatures betwsen ~36° O and ~48° C. Approximately 70X,
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Figure 7. - Droplets frozen wkile falling freely in columm of alr with updraft of 7 centi-
meters per second and air temperature range of -25Y to -51° C. Approximately 70X.
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